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We present non-contact atomic-force-microscopy measurements of the hydrodynamic interactions
between a rigid sphere and an air bubble in water at the microscale. The size of the bubble is found
to have a significant effect on the mechanical response due to the long-range capillary deformation
of the air-water interface. We develop a viscocapillary lubrication model accounting for the finite-
size effect that allows to rationalize the experimental data. This comparison allows us to measure
the air-water surface tension, without contact and thus wetting, paving the way towards robust
non-contact tensiometry of polluted air-water interfaces.
I. INTRODUCTION
The interface between two media has an energy cost
per unit surface, called surface tension, resulting from
the microscopic interactions of the constitutive molecules
at the interface [1, 2]. Surface tension is an important
parameter in soft condensed matter and at small scales
where capillary phenomena usually dominate. Examples
include wetting properties [3, 4], thin-film dynamics [5,
6], multiphase flows...
Surface active molecules – i.e. surfactants – are widely
used to stabilize capillary interfaces on purpose, e.g. in
emulsions or foams, but are also inevitable due to pollu-
tion. These particles, which are usually adsorbed at the
interface between two immiscible liquids or between a liq-
uid and a gas, lower the surface tension and are responsi-
ble for specific rheological properties of the interface [7].
To understand the dynamics of soft materials, the inter-
action between objects such as droplets and bubbles, or
to quantify the amount of interfacial contamination, cap-
illary interfacial rheology is essential. Specifically, surface
tension is measured by a large variety of methods: using
the energy minimization principle, via the pendant-drop
method [8], or spinning-drop method, or measuring cap-
illary forces with Wilhelmy plates or Du Noy rings [9], for
instance. The interfacial rheology is usually determined
with the Langmuir through [10] or through oscillating-
disk devices [11].
A complementary device to measure material proper-
ties is the atomic-force microscope (AFM), which has
been recently used to study capillary phenomena such as
the interaction between bubbles [12, 13] or droplets [14–
16], the hydrodynamic boundary condition at a water-air
interface [17, 18], and dynamical wetting [19–24]. Re-
cently, the AFM has also been employed in a dynamical
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mode, and appeared to be a remarkable tool to quantify
mechanical properties with the advantage of providing
non-contact measurements [25–29].
In this article, we study the force exerted on a water-
immersed colloidal sphere attached to an AFM can-
tilever, that is driven to oscillate near the apex of an
air bubble. The deformation of the bubble and the force
exerted on the colloidal probe, are both coupled and due
to the hydrodynamic pressure induced by the oscillating
water flow. To rationalize the experimental data, we de-
velop a lubrication model accounting for finite-size effects
– which are found to be significant in the linear visco-
capillary response. All together, this method allows for
robust rheological measurements of the surface tension
in the absence of any direct contact.
II. EXPERIMENTS
The experimental system is inspired by [18, 30].
Briefly, an air microbubble is generated in a sodium do-
decyl sulfate (SDS) solution in water, of concentration
C in the 0.2 − 40 mM range, at the tip of a syringe
and deposited over a glass substrate precoated with a
polystyrene layer. The bubble’s curvature radius Rb and
the contact angle, as measured with an optical micro-
scope, are in the range 200 − 600 µm and 40 − 90 ◦,
respectively. Besides, a spherical particle, of radius
Rs = 54µm, is glued to the tip of an AFM cantilever and
oscillates vertically at an imposed frequency f = 100,
200, or 300 Hz. The setup is sketched in Fig. 1. The
instantaneous hydrodynamic force exerted on the parti-
cle is then measured for various sphere-bubble distances
through the deflection of the AFM cantilever. The can-
tilever stiffness is calibrated using the drainage method
and is equal to 0.249 N/m.
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2Figure 1: Schematic of the experimental setup. A spherical
colloidal probe attached to an AFM cantilever oscillates ver-
tically along z within water and near an air bubble. This
results in an axisymmetric water gap thickness profile h(r, t),
varying with radial distance r and time t.
III. MODEL
We consider the asymmetric system composed of the
rigid sphere located at an average distance D from the
undeformed air bubble. The ensemble is immersed in
an incompressible Newtonian fluid (water) of dynamical
shear viscosity η. The sphere oscillates vertically at an-
gular frequency ω = 2pif and with amplitude h0. The
liquid gap thickness is denoted h(r, t), with r the radial
axis and t the time, and reads:
h(r, t) = D +
r2
2Reff
+ h0 cos(ωt) + u(r, t), (1)
with R−1eff = R
−1
s + R
−1
b the effective curvature. The
field u(r, t) denotes the vertical deformation of the air-
water interfacial profile along −z, with respect to the
equilibrium spherical-cap shape. We focus on the situ-
ation where the sphere-bubble distance is much smaller
than the effective radius Reff, so that we can invoke the
lubrication approximation. The experiments are done
at low enough frequency and with a non-zero surfactant
concentration, so that we can assume a no-slip hydrody-
namic boundary condition at the air-water interface [18].
Such a condition is also assumed at the sphere-water in-
terface. Therefore, the liquid gap thickness follows the
Reynolds equation:
∂h(r, t)
∂t
=
1
12ηr
∂
∂r
[
rh(r, t)3
∂
∂r
p(r, t)
]
, (2)
where p(r, t) is the excess pressure field with respect to
the atmospheric pressure. Since in the lubrication ap-
proximation the pressure is invariant along z, it can be
evaluated at the air-water interface through the Laplace
law:
p(r, t) = γ
1
r
∂
∂r
[
r
∂u(r, t)
∂r
]
, (3)
where γ denotes the air-water surface tension, and where
small slopes were assumed. The contribution of Hamaker
forces is neglected in the model as the typical sphere-
bubble distance of interest in the experiment is 10−1000
nm which is larger than the distance below which these
forces are dominant. The forcing amplitude h0 is as-
sumed to be small with respect to the sphere-bubble
distance, so that we can treat p and u as perturba-
tive fields, and linearize further Eq. (2). Introducing an
harmonic decomposition, through u(r, t) = Re[u∗(r)eiωt]
and p(r, t) = Re[p∗(r)eiωt], where Re denotes the real
part and u∗(r) and p∗(r) are complex fields (i2 = −1),
Eq. (2) becomes:
12ηriω
[
h0+u
∗(r)
]
=
d
dr
[
r
(
D +
r2
2Reff
)3
dp∗(r)
dr
]
. (4)
Such a viscocapillary problem is sensitive to the total
size of the system, as in Ref. [15, 30] where it has been
show that the central deformation diverges logarithmi-
cally with the system size. Therefore, it is necessary to
introduce a cut-off radius b in the model. The excess
pressure and the deformation fields are set to zero at ra-
dial distances larger than the cut-off radius, i.e.:
p∗(r) = 0, u∗(r) = 0, r > b. (5)
We use the discrete Hankel transform to solve these equa-
tions. Both fields are expanded in terms of Fourier-Bessel
series [31], for r ∈ [0, b], as:
p∗(r) =
∞∑
k=1
pkJ0(φkr), u
∗(r) =
∞∑
k=1
ukJ0(φkr), (6)
where J0 is the Bessel function of the first kind with
index 0, and φk = Ok/b with Ok the kth root of the
Bessel function. The series coefficients are related to the
deformation field via the inversion relation:
uk =
2
b2J21 (φkb)
∫ b
0
u∗(r)J0(φkr) r dr, (7)
where J1 is the Bessel function of the first kind with index
1. We introduce the dimensionless variables:
x =
r√
2ReffD
, U∗ = u∗/h0, P ∗ =
p∗
ηReffh0ω
D2
,
B =
b√
2ReffD
, ψk = φk
√
2ReffD,
(8)
such that Eqs. (4) and (3) respectively become:
24ix
(
1 + U∗
)
=
d
dx
[
x
(
1 + x2
)3 dP ∗
dx
]
, (9)
31
8
(
Dc
D
)
P ∗ =
1
x
d
dx
(
x
dU∗
dx
)
, (10)
where Dc = 16R
2
effηω/γ is a typical viscocapillary length
that emerges from the rescaling. By integrating Eq. (9)
with respect to x, and invoking the Fourier-Bessel de-
composition, we find:
−x(1+x2)3
∞∑
k=1
ψkPkJ1(ψkx) = 12ix
2+24i
∞∑
k=1
Uk
J1(ψkx)
ψk
x,
(11)
where Uk = uk/h0 and Pk = pkD
2/(ηReffh0ω). Using
Eq. (10), one shows that the Fourier-Bessel coefficients
Uk and Pk are related by:
ψ2k Uk =
1
8
(
Dc
D
)
Pk. (12)
Injecting the last relation in Eq. (11), we find:
−
∞∑
l=1
ψlPlJ1(ψlx) =
12ix
(1 + x2)3
+
3i
(1 + x2)3
(
Dc
D
) ∞∑
l=1
Pl
J1(ψlx)
ψ3l
.
(13)
We perform the Fourier-Bessel inversion by applying
to Eq. (13) the operator 2
B2J21 (ψkB)
∫ B
0
yJ1(ψky)(∗)dy,
where (∗) stands for a function of y, and we find that
the excess-pressure Fourier-Bessel coefficients satisfy:
Pk = Ak +
∞∑
l=1
Mk,lPl, ∀k ∈ N∗, (14)
where Ak and Mk,l are defined as:
Ak = −12i 2
B2J21 (ψkB)
∫ B
0
y2
(1 + y2)3
J1(ψky)
ψk
dy, (15)
and:
Mk,l =− 3i
(
Dc
D
)
2
B2J21 (ψkB)∫ B
0
y
(1 + y2)3
J1(ψky)
ψk
J1(ψly)
ψ3l
dy.
(16)
The vertical hydrodynamic force exerted on the sphere
is
∫ b
0
p(r, t) 2pirdr in dimensioned variables. We further
define the complex mechanical impedance G∗ as the ratio
between the amplitude of the latter force and the driving
amplitude h0 [25]:
G∗ = − 1
h0
∫ b
0
2pir p∗(r) dr = −4piηωR
2
eff
D
∫ B
0
xP ∗(x) dx.
(17)
Defining the dimensionless impedance G∗ =
G∗Dc/(6piηωR2eff), and invoking the Fourier-Bessel
G0
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Figure 2: Complex mechanical impedance G∗ = G′ + iG′′
versus sphere-bubble distance D for a SDS concentration of
C = 1 mM, and excitation frequencies of: (a) f = 200 Hz,
and (b) f = 300 Hz. The blue (resp. red) dots show the
real G′ (resp. imaginary G′′) part. The results of the model
(see Eq. (18)) are displayed with black solid lines and the
asymptotic calculation at large distance (see Eq. (19) and
Appendix) is shown with green dashed lines. The slope trian-
gles indicate power-law exponents. The fitted surface tension
value is γ = 58 mN/m.
expansion, we finally get:
G∗ = −4
6
Dc
D
∞∑
k=1
Pk
BJ1(ψkB)
ψk
. (18)
To obtain the results presented in the following section,
Eq. (14) is solved numerically with the 1000 first Fourier-
Bessel modes, and the mechanical impedance is then
computed from Eq. (18). We checked the robustness of
the results against a change of the number of Fourier-
Bessel modes used.
IV. RESULTS
In Fig. 2, we plot the mechanical impedance G∗ versus
the sphere-bubble distance D, for a SDS concentration
of C = 1 mM, two driving frequencies and three bubble
curvature radii. The complex impedance G∗ = G′ + iG′′
is decomposed in its real (G′) and imaginary (G′′) parts.
The results of the model are in good agreement with
the experimental data. The air-water surface tension
γ = 58 mN/m is the only fitting parameter in this com-
parison. We stress that, in the model, we used the half
contour length of the undeformed air-water interface as
a cut-off radius, i.e. b = Rb (pi − θ), where θ denotes the
contact angle.
Furthermore, two asymptotic regimes can be observed,
with a crossover near D ≈ 1000 nm that corresponds
typically to Dc, equal to 727 and 1091 nm in Fig. 2(a)
and (b), respectively. At large distance, we observe that
the imaginary part of the mechanical impedance domi-
nates and follows a ∼ D−1 scaling law, as expected from
the asymptotic expression G′′ = 6piηR2effω/D [25]. The
restoring capillary response of the air-water interface ap-
pears in the real part of G∗ with an apparent G′ ∼ D−2
scaling law at large distance. We stress that this is not
4D/Dc
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Figure 3: Dimensionless mechanical impedance versus dimen-
sionless distance for 3 bubble sizes as indicated in the legend,
with the same frequency f = 200 Hz, and a surfactant con-
centration C = 1 mM. The experimental data are show in
(a), and the results of the theoretical model are plotted in
(b), using half the contour length as a cut-off size.
an exact scaling law, due to a logarithmic correction (see
Appendix):
G′(D) ' 9piη
2R3effω
2
γD2
[
− 1 + log
(
1 +
b2
2ReffD
)]
. (19)
At small distance, both parts of the mechanical
impedance saturate to constant values, and the storage
component G′ is larger than the loss one G′′. A similar
saturation is also encountered in the elastohydrodynamic
response near soft substrates [25–27] and is attributed to
the fact that the deformation cannot exceed the excita-
tion amplitude. As a consequence, the pressure saturates,
so does the hydrodynamic force.
In order to test the ability of our model to account for
the finite-size effects in the viscocapillary response, we
present in Fig. 3 the dimensionless mechanical impedance
versus the rescaled distance for three bubble radii, rang-
ing from Rb = 240 to 544µm, with the same driving fre-
quency and surfactant concentration. The experimental
curves are shown in Fig. 3(a), while the theoretical ones
are shown in Fig. 3(b) where the cut-off radius is set
to half the contour length of the undeformed air-water
interface. Except for the loss component in the large-
distance limit, the dimensionless mechanical impedance
is generally found to depend on the bubble size in a non-
trivial way, which is correctly reproduced by the model.
This observation highlights the importance of finite-size
effects in viscocapillary settings. We note that the loga-
rithmic correction in the large-distance expression of the
dimensionless storage component (see Eq. (A5)) contains
a bubble-size dependence which cannot be distinguished
clearly with the AFM sensitivity given the bubble-size
range. At small distance, the size dependence is more
important and both the real and imaginary parts of the
dimensionless mechanical impedance decrease with the
bubble size.
Having discussed the finite-size effects in the global
force response, we now illustrate them in Fig. 4 through
the radial dependences of the local pressure and defor-
mation fields. Specifically, we plot the complex dimen-
r/
p
2Re↵D
<latexit sha1_base64="J/OrSnv/MaYIJCxVR1SA7KGpKm8=">AAAC3nicjVHLSsNAFD2Nr1pfVVfiJlgEVzWtgi5FXbisYqtgS03ipAbzcjIRSyju3Ilbf8Ctfo74B/oX3 hlTUIvohCRnzr3nzNx7rchzY2EYrzltaHhkdCw/XpiYnJqeKc7ONeIw4Tar26EX8mPLjJnnBqwuXOGx44gz07c8dmRd7Mj40RXjsRsGh6IbsZZvdgLXcW1TENUuLvDVZnzJRVo9aDcFuxbcT5nj9HZ77WLJKBtq6YOgkoESslULiy9o4gwhbCTwwRBAEPZgIqbnBBUYiIhrISWOE3JVnKGHAmkTymKUYRJ7Qd8O7U4yNqC99IyV2qZTPHo5KXUskyakPE5Ynqa reKKcJfubd6o85d269LcyL59YgXNi/9L1M/+rk7UIONhUNbhUU6QYWZ2duSSqK/Lm+peqBDlExEl8RnFO2FbKfp91pYlV7bK3poq/qUzJyr2d5SZ4l7ekAVd+jnMQNKrlylq5ur9e2trORp3HIpawQvPcwBb2UEOdvG/wiCc8a6farXan3X+marlMM49vS3v4AMn4mjk=</latexit>
r/
p
2Re↵D
<latexit sha1_base64="J/OrSnv/MaYIJCxVR1SA7KGpKm8=">AAAC3nicjVHLSsNAFD2Nr1pfVVfiJlgEVzWtgi5FXbisYqtgS03ipAbzcjIRSyju3Ilbf8Ctfo74B/oX3 hlTUIvohCRnzr3nzNx7rchzY2EYrzltaHhkdCw/XpiYnJqeKc7ONeIw4Tar26EX8mPLjJnnBqwuXOGx44gz07c8dmRd7Mj40RXjsRsGh6IbsZZvdgLXcW1TENUuLvDVZnzJRVo9aDcFuxbcT5nj9HZ77WLJKBtq6YOgkoESslULiy9o4gwhbCTwwRBAEPZgIqbnBBUYiIhrISWOE3JVnKGHAmkTymKUYRJ7Qd8O7U4yNqC99IyV2qZTPHo5KXUskyakPE5Ynqa reKKcJfubd6o85d269LcyL59YgXNi/9L1M/+rk7UIONhUNbhUU6QYWZ2duSSqK/Lm+peqBDlExEl8RnFO2FbKfp91pYlV7bK3poq/qUzJyr2d5SZ4l7ekAVd+jnMQNKrlylq5ur9e2trORp3HIpawQvPcwBb2UEOdvG/wiCc8a6farXan3X+marlMM49vS3v4AMn4mjk=</latexit>
u
⇤ /
h
0
<latexit sha1_base64="d+6hNAuAAdcOD8xK2SDYU0YXHIk="></latexit>
p
⇤ D
2
/
(⌘
R
e
↵
!
h
0
)
<latexit sha1_base64="Y4M5K5GmlRZ5cFHzccMwtPTO06Q="></latexit>
(a)
<latexit sha1_base64="7BY/x+VUns3FYonIA1k2e3ngYrc=">AAACxnicjVHLSsNAFD2Nr1pfVZdugkWom5KooMuimy4r2gfUIsl0WkPTJEwmSimCP+BWP038A/0L74xT UIvohCRnzr3nzNx7/SQMUuk4rzlrbn5hcSm/XFhZXVvfKG5uNdM4E4w3WBzGou17KQ+DiDdkIEPeTgT3Rn7IW/7wTMVbt1ykQRxdynHCuyNvEAX9gHmSqIuyt39dLDkVRy97FrgGlGBWPS6+4Ao9xGDIMAJHBEk4hIeUng5cOEiI62JCnCAU6DjHPQqkzSiLU4ZH7JC+A9p1DBvRXnmmWs3olJBeQUobe6SJKU8QVqfZOp5pZ8X+5j3RnupuY/r7xmtErM QNsX/pppn/1alaJPo40TUEVFOiGVUdMy6Z7oq6uf2lKkkOCXEK9yguCDOtnPbZ1ppU16566+n4m85UrNozk5vhXd2SBuz+HOcsaB5U3MPKwflRqXpqRp3HDnZRpnkeo4oa6miQ9wCPeMKzVbMiK7PuPlOtnNFs49uyHj4AQmyPzw==</latexit>
(b)
<latexit sha1_base64="b/cMj/3MakpfvQl5kysPOUFaeE8=">AAACxnicjVHLSsNAFD2Nr1pfVZdugkWom5KooMuimy4r2gfUIsl0WoemSUgmSimCP+BWP038A/0L74xTUIvohCRnzr3nzNx7/TgQqXSc15w1N7+wuJRfLqysrq1vFDe3mmmUJYw3WBRESdv3Uh6IkDekkAFvxwn3Rn7AW/7wTMVbtzxJRRReynHMuyNvEIq+YJ4k6qLs718XS07F0cu eBa4BJZhVj4ovuEIPERgyjMARQhIO4CGlpwMXDmLiupgQlxASOs5xjwJpM8rilOERO6TvgHYdw4a0V56pVjM6JaA3IaWNPdJElJcQVqfZOp5pZ8X+5j3RnupuY/r7xmtErMQNsX/pppn/1alaJPo40TUIqinWjKqOGZdMd0Xd3P5SlSSHmDiFexRPCDOtnPbZ1ppU16566+n4m85UrNozk5vhXd2SBuz+HOcsaB5U3MPKwflRqXpqRp3HDnZRpnkeo4oa6miQ9wCPeMKzVbNCK7PuPlOtnNFs49uyHj4ARM2P0A==</latexit>
(c)
<latexit sha1_base64="pv8vlANVt9TpHbOCX8b7JSre/eQ=">AAACxnicjVHLSsNAFD2Nr1pfVZdugkWom5KooMuimy4r2gfUIsl0WoemSUgmSimCP+BWP038A/0L74xT UIvohCRnzr3nzNx7/TgQqXSc15w1N7+wuJRfLqysrq1vFDe3mmmUJYw3WBRESdv3Uh6IkDekkAFvxwn3Rn7AW/7wTMVbtzxJRRReynHMuyNvEIq+YJ4k6qLM9q+LJafi6GXPAteAEsyqR8UXXKGHCAwZRuAIIQkH8JDS04ELBzFxXUyISwgJHee4R4G0GWVxyvCIHdJ3QLuOYUPaK89UqxmdEtCbkNLGHmkiyksIq9NsHc+0s2J/855oT3W3Mf194zUiVu KG2L9008z/6lQtEn2c6BoE1RRrRlXHjEumu6Jubn+pSpJDTJzCPYonhJlWTvtsa02qa1e99XT8TWcqVu2Zyc3wrm5JA3Z/jnMWNA8q7mHl4PyoVD01o85jB7so0zyPUUUNdTTIe4BHPOHZqlmhlVl3n6lWzmi28W1ZDx9HLo/R</latexit>
(d)
<latexit sha1_base64="qTCOY4YA//XfpSaFDXHoS+Qhb+A=">AAACxnicjVHLSsNAFD2Nr1pfVZdugkWom5KooMuimy4r2gfUIsl0WoemSZhMlFIEf8Ctfpr4B/oX3hlTUIvohCRnzr3nzNx7/TgQiXKc15w1N7+wuJRfLqysrq1vFDe3mkmUSsYbLAoi2fa9hAci5A0lVMDbseTeyA94yx+e6XjrlstEROGlGse8O/IGoegL5imiLsq9/etiyak4Ztm zwM1ACdmqR8UXXKGHCAwpRuAIoQgH8JDQ04ELBzFxXUyIk4SEiXPco0DalLI4ZXjEDuk7oF0nY0Paa8/EqBmdEtArSWljjzQR5UnC+jTbxFPjrNnfvCfGU99tTH8/8xoRq3BD7F+6aeZ/dboWhT5OTA2CaooNo6tjmUtquqJvbn+pSpFDTJzGPYpLwswop322jSYxteveeib+ZjI1q/csy03xrm9JA3Z/jnMWNA8q7mHl4PyoVD3NRp3HDnZRpnkeo4oa6miQ9wCPeMKzVbNCK7XuPlOtXKbZxrdlPXwASY+P0g==</latexit>
Figure 4: Real (a) and imaginary (b) parts of the dimension-
less theoretical pressure field as functions of the dimensionless
radial coordinate, at a dimensionless distance D/Dc = 10, for
the three bubble radii of Fig. 3. The real and imaginary parts
of the corresponding theoretical deformation field are plotted
in (c) and (d), respectively.
sionless pressure and displacement fields versus the di-
mensionless distance, for the same cut-off radius as in
Fig. 3, and at a fixed rescaled distance D/Dc = 10. We
observe that both the real and imaginary parts of the
dimensionless pressure field decay rapidly on a typical
distance ∼ √ReffD. The imaginary part does not de-
pend on the cut-off radius and is well described by the
leading-order lubrication pressure in Eq. (A2). In ad-
dition, the real part does depend on the cut-off radius,
through B, as predicted by the next-order correction in
Eq. (A4). This dependence in B yields the logarithmic
correction in the large-distance asymptotic expression of
the storage component in Eq. (A5). In contrast with the
dimensionless pressure field, the dimensionless deforma-
tion field depends on the cut-off radius. This is due to
the long-range capillary deformation of the air-water in-
terface, and is the reason why the finite-size effects are
significant in viscocapillary interactions.
So far, the air-water surface tension was considered as
a free parameter and was fixed by fitting the AFM exper-
imental data to the model. In the remaining, we discuss
the capacity of our comparison method to be used as a
robust tensiometer. In Fig. 5 is plotted the fitted sur-
face tension as a function of the SDS concentration in
water. We observe that the surface tension globally de-
creases with increasing surfactant concentration, as ex-
pected. At surfactant concentrations smaller than 1 mM
typically, the surface tension is close to the 72 mN/m
value for pure water. At large concentrations, the surface
tension saturates to a value on the order of 30 mN/m.
The critical micellar concentration of SDS in water is es-
timated to be around 8 mM [32, 33], which is typically
the concentration above which the surface tension sat-
urates in Fig. 5. The uncertainty on the fitted surface
tension is on the order of ±4 mN/m and may result from
two main sources: i) the experiments at different frequen-
cies lead to fitted values which vary by a few percents ;
5Surface tension versus concentration. 
Concentration 
(mmol/L) 0.2 0.4 1 2 4 6 8 10 40
Surface tension 
fitted (mN/m) 63 72 58 47 41 44 29 24 29
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Figure 5: Air-water surface tension as a function of SDS con-
centration, as obtained from fits of the AFM data by the
model (red dots). For comparison, independent measure-
ments using the Wilhelmy-plate method are provided (blue
dots).
ii) we take half the contour length of the undeformed
air-water interface as a cut-off radius, while one could
possibly make other choices, e.g. the curvature radius of
the interface, which would modify slightly the fitted val-
ues. Finally, we performed independent tensiometry ex-
periments on similar air-water-SDS interfaces using the
Wilhelmy-plate method. The results are also shown in
Fig. 5, and agree well with the ones obtained from the
combination of our AFM measurements and model. Pos-
sible systematic deviations at the highest concentrations
may result from micellar effects.
V. CONCLUSION
We studied the viscocapillary interaction between an
air bubble and a spherical colloidal probe attached to an
AFM cantilever, and immersed within a SDS solution in
water. The sphere was oscillated in the direction normal
to the air-water interface, thus generating a flow and
an associated hydrodynamic pressure field that could
deform the interface. The resulting force exerted on the
sphere was measured as a function of the sphere-bubble
distance, and found to depend on the bubble size. We
developed a model, coupling axisymmetric lubrication
flow and capillary deformations, and accounting for
finite-size effects through a cut-off radial distance. The
experimental results were found to be in good agreement
with the model, assuming the cut-off radius to be
half the contour length of the undeformed air-water
interface, and with the air-water surface tension as
a single free parameter. Finally, from a comparison
with independent tensiometry measurements using the
Wilhelmy-plate method, we discussed the capacity of our
novel method to measure surface tensions robustly. This
work paves the way to non-contact capillary rheology
with fundamental perspectives in confined soft matter,
and practical applications towards water-contamination
monitoring, to name a few.
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Appendix A: Asymptotic model at large distance
In this section, we derive an asymptotic solution, as-
suming that the ratio Dc/D is a small parameter, and
we expend the excess pressure and field as:
P ∗(x) ' P ∗0 (x) +
Dc
D
P ∗1 (x). (A1)
The leading-order pressure P ∗0 is given by Eq. (9) in the
undeformed-interface limit, and reads:
P ∗0 (x) = −
3i
(1 + x2)2
. (A2)
Similarly, the leading-order deformation U∗1 can be found
by inserting P ∗0 in Eq. (10) and invoking the boundary
condition U∗1 (x = B) = 0. We find:
U∗1 (x) = −
3i
32
Dc
D
[
log(1 +B2)− log(1 + x2)
]
. (A3)
Then, introducing U∗1 in Eq. (9) allows us to compute
the next-order correction in pressure:
P ∗1 (x) =
3
32
[
− 3 log(1 +B
2)
(1 + x2)2
− pi2 + 3
(1 + x2)2
+
3
(1 + x2)
+ 2
log(1 + x2)
1 + x2
− log2(1 + x2)− 2Li2(−x2)
]
,
(A4)
where Li2 denotes the dilogarithm function [34]. After
some algebra, we find that:
G′ = Re(G∗) ' 3
32
(
Dc
D
)2 [
− 1 + log(1 +B2)
]
, (A5)
which is equivalent to Eq. (19) with dimensioned vari-
ables.
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